High-resolution nonlinear laser spectroscopy based on absorption saturation, Lamb-dip and spectral hole-burning phenomena have contributed much to basic and applied photonics. Here, a laser spectroscopy based on nonlinear photothermal and photoacoustic phenomena is presented. It shows ultrasharp resonances and dips up to a few nanometres wide in broad plasmonic spectra of nanoparticles. It also demonstrates narrowing of absorption spectra of dyes and chromophores, as well as an increase in the sensitivity and resolution of the spectral hole-burning technique. This approach can permit the study of laser-nanoparticle interactions at a level of resolution beyond the spectral limits, identification of weakly absorbing spectral holes, spectral optimization of photothermal nanotherapy, measurements of tiny red and blue plasmon resonance shifts, multispectral imaging and multicolour cytometry.
(650 to 1100 nm) may limit their multicolour capacity 10 . Noble metal nanoparticles with tunable plasmon scattering resonances open alternative paths to multicolor imaging 8, [11] [12] [13] .
Photothermal (PT) and, especially, photoacoustic (PA) techniques based on nonradiative conversion of absorbed light energy into heat and accompanying acoustic effects have improved multispectral imaging by providing better resolution and bigger penetration depth compared with other optical modalities [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . PA and PT methods have been effective for studying weakly absorbing media, multiphoton and Raman spectroscopy, microscopy beyond the diffraction limit, PA tweezers, and in vivo detection of circulating tumour cells 8, [33] [34] [35] [27] [28] [29] [30] [31] [32] . Plasmonic gold nanoparticles have demonstrated their potential as PT/PA molecular contrast agents because of their ultrahigh near-infrared absorption, which is much greater than that of conventional dyes. They convert of absorbed energy into heat, acoustic waves, and nanobubbles effectively and swiftly, and their plasmon resonances can be tuned to a desired spectral range by varying the nanoparticle size, shape, and composition [36] [37] [38] [39] [40] [41] . However, because of their relatively broad plasmonic bands of 80 to 200 nm, the multiplexing capacity of these nanoparticles to target simultaneously several diseaseassociated markers is typically limited to two distinct nonoverlapping colours 34, 35 . The nonlinear spectroscopy described in this paper can resolve this problem by a dramatic sharpening of the absorption spectra of PT and PA contrast agents.
PRINCIPLES OF NONLINEAR PHOTOTHERMAL AND PHOTOACOUSTIC

SPECTROSCOPY
In biological applications, a short laser pulse interacts initially with individual spectrally and spatially heterogeneous absorbing endogenous biomolecules (e.g., hemoglobin, melanin, or cytochromes) or exogenous dyes or nanoparticles (Fig. 1a) . Most of these absorbers having typically nanoscale sizes may form nano-and microclusters in various biological environments such as cytochromes in mitochondria, melanin in melanosomes, dye molecular assembly, and synthetic nanoparticles around dense biomarkers. 20, 33, 40 Because of the close proximity of these nanoabsorbers in clusters, their laser-induced optical, thermal, acoustic and nanobubble phenomena may overlap spatially and temporally, causing nonlinear enhancement of PT and PA effects 40 . With increases in the laser energy level, the temperatures of the nanoabsorbers quickly reach the thresholds of phase effects, such as evaporation of liquid surrounding heated nanoparticles (250 to 350 °C for water), nanoparticle melting (1,063°C for gold), and nanoparticle evaporation (2,710°C for gold) [42] [43] [44] [45] . Starting at the picosecond temporal scale due to fast nonradiative relaxation, temperature-dependent changes of gold nanoparticle (e.g., nanorods or nanoshells) shape or size during the laser pulses lead to blue spectral shifts as absorption is depleted in the centre of near-infrared resonances and longer wavelengths, and increased at shorter wavelengths [42] [43] [44] [45] . Thus, the total laser energy deposition in the nanoparticles can be lower or higher for resonant and red-shifted or nonresonant, blue-shifted laser radiation, respectively. A nonlinear change in energy deposition, can occur at the same laser wavelength and different energy levels (see Supplementary Information; Fig. S1 ).
As we previously observed using a multimodal set-up, 27, [33] [34] [39] [40] PA and PT signals from nanoparticles, dyes and cells exhibits similar multistage behaviors when the energy fluence (E) was increased ( Fig. S2, S3 ; Supplementary Information). These behaviours, summarized in Fig. 1b , include (1) a gradual linear increase at a low fluence, E n (n = 1); (2) strong (10-100-fold) nonlinear signal amplification (n > 1); and (3) signal complete or slight saturation (n ~ 0 to 0.5). At higher energy, signals can be further enhanced or inhibited depending on nanoparticle type and dominant nonlinear effects (e.g., nanoparticle explosion). Signal amplification in stage (2) is associated with nano-and microbubble formation with a welldefined threshold, E TH . It occurs in nanoparticles at lower thresholds, a narrower energy fluence range, ΔE (ΔE/E TH ~ 0.2 to 0.6), and with higher nonlinearity (n ~ 3 to 5) than in other samples (ΔE/E TH ~ 0.8 to 1.2; n = 1.5 to 2). In some cases, we also observed small signal inhibition in the vicinity of the thresholds only. The offset of a signal plateau is likely related to saturation of size, velocity of growth and overlapping of bubbles, or phase transitions (e.g., evaporation or melting) occurring at a constant temperature 27, 30, [33] [34] .
In view of the described phenomena, the principles of nonlinear PT-based spectroscopy can be presented as follows. At a given laser energy level close to the threshold E TH , nonlinear PT and PA signals appear most prominently in the centres of absorption bands, where the relationship between signal amplitude and laser energy shows stronger nonlinearity (~ E n ; n ~ 1.5 to 5). If the laser wavelength shifts away from the absorption centres and the laserinduced temperature is slightly below the threshold for nonlinear effects (e.g., bubble formation), a linear signal is generated. However, a shift of the laser wavelength toward the absorption centres leads to an increase in energy absorption, and hence in the temperature of the absorbing zone. A temperature slightly above the evaporation threshold induces sudden nanobubble formation accompanied by nonlinear signal amplification. As a result, spectrally dependent signal amplification will lead to the sharpening of PT/PA resonances near the centre of the absorption peak (Fig. 1c) .
Nonlinear PT and PA phenomena may also increase both the sensitivity and spectral resolution of the spectral hole-burning technique for identifying individual nanoparticles in a mixture of weakly absorbing nanoparticles with overlapping spectra. Laser radiation can burn and thus deplete only nanoparticles whose absorption peak is precisely resonant with the laser energy (Fig. 1d ). At a high energy level far above the threshold of nonlinear effects, a laser will burn a broad spectral hole and form one blue-shifted PT/PA resonance or two red-and blue-shifted resonances (Fig. 1e) , depending on the absorber types and the laser energy levels. Time-resolved pump-probe excitation technique (Fig. 1a) employing a laser energy level close to the nonlinear threshold may permit observation of narrower spectral holes in the centres of homogeneously broadened nanoparticle bands (Fig. 1c, blue curve) .
RESULTS
Ultrasharp resonances and holes in gold nanorods
This phenomenological model was first verified with the use of gold nanorods whose longitudinal plasmon resonances could be adjusted in the spectral range of 520 to 1200 nm [37] [38] . Nonlinear PT spectra of the nanorods were obtained by measuring the amplitude of the negative PT peaks at different laser wavelengths but the same pulse energy level. Laser spectral scanning was combined with spatial scanning by automatic movement of the microscopic stage to avoid cumulative effects. For nanorods with an absorption maximum at 550 nm, the 8.8-nm-wide peak that we obtained in the PT spectrum at an amplitude level 70% of maximum was 6.3-fold narrower than the 55-nm-wide peak in the absorption spectra for the same nanorods (Fig. 2a) . PT holes were observed with the pump-probe excitation technique as a function of spectral detuning of the pump pulse at a fixed probe wavelength of 639 nm and an energy fluence of the probe pulse of 1 J/cm 2 . At a low pump laser energy level, the spectral width of the hole was relatively narrow, ~9 nm (Fig. 2b) , while a higher pump laser energy level led to broadening, blue shifting, and asymmetry of the hole. Latter effects were associated with laser-induced modification of the shape of nanorods mentioned above that led to more profound absorption depletion at longer wavelengths and absorption enhancement at shorter wavelengths [42] [43] [44] [45] . Similar phenomena were also observed in onebeam excitation mode, when the central resonances disappeared with an increase in the energy level, and two PT resonances formed instead, with red and blue shifts and asymmetry that were more profound at the high laser energy level with dominant blue-shifted resonances (Fig. 2c) . Simultaneous measurement of PT and PA spectra near the centre of the absorption peak showed similar results: an approximately 10-fold their sharpening at a laser energy level close to the nonlinear threshold ( Fig. 2c , red curves). Ultrasharp PT resonances made it possible to easily identify each nanorod in a mixture of six nanorods with nearly overlapping plasmon resonances that were hardly distinguishable in conventional absorption spectra (Fig. 2d) .
In a spectral hole-burning experiment, the measurements consisted of three steps: (1) a linear signal baseline in the absorption band of nanorods was generated by pump laser scanning at a low pulse energy fluence of 45 mJ/cm 2 over the wavelength range of interest, 500 to 1100 nm; (2) two ruby laser pulses at a wavelength of 690 nm and a fluence of 0.3 J/cm 2 were used to burn the hole; and (3) the hole was probed by laser scanning as in the first step. Linear PT/PA spectra at a low laser energy level revealed the high contrast of the spectral hole in the 120-μm-thick nanoparticle solution, which was almost invisible with absorption spectroscopy (Fig. 2e) . The observed hole's width of approximately 95 nm was determined by a conventional homogeneous band of nanorods with plasmon resonances at approximately 717 nm (destroyed by the burning laser) in the inhomogeneous linear absorption spectra of a mixture of seven nanoparticles. Nonlinear PT/PA spectra of the same mixture near 717 nm showed narrowing of the spectral hole to ~28 nm due to signal enhancement out the centre of the hole at a laser energy level close to the threshold in this centre. For comparison, a two-beam PT technique provided a narrower hole width of 4.4 nm in an absorption band of 89-nm-wide nanorods (Fig. 2b) .
Ultrasharp resonances in quantum dots and gold-coated nanoparticles
The study of ultrasharp resonances was extended to golden carbon nanotubes 39 , quantum dots [9] [10] [11] , and gold nanoshells 36 . The sharpening, to approximately 7 nm, was found for the longitudinal plasmon resonance of golden carbon nanotubes (Fig. 3a) . The nonlinear PT spectra of quantum dots exhibited two resonances near absorption peaks at 535 nm and 560 nm, and one resonance at 491 nm outside the profound absorption peaks. The width of resonance at 560 nm was approximately 6-nm, i.e., 5-fold narrower than the emission spectra of quantum dots (Fig. 3b) , suggesting that nonlinear PA spectroscopy provides a better spectral capacity than fluorescence spectroscopy for quantum dots. The origin of the (Fig. 3c vs. Fig. 2d ).
Narrow resonances in cellular and bacterial chromophores
Next, this new method of laser spectroscopy was applied to cells and bacteria.
Measurements of the PT spectra of individual mitochondria in KB-3 human carcinoma cells with a focused 1-μm-diameter laser beam showed good correlation with the absorption spectrum of cytochrome c as the main absorbing component in mitochondria in the visible spectral range 46 . However, the PT peak was narrower due to nonlinear sharpening effects (Fig. 4a, right) .
Absorption spectra of mouse blood containing B16F10 melanoma cells revealed that the strong background absorption of blood masked the weak absorption from melanoma cells. Nonlinear PT spectroscopy of the same sample at an energy fluence of 0.7 J/cm 2 showed narrow resonance peaks from the melanoma cells emerging from the blood background near 500 nm (Fig. 4b ). This increase in the spectral contrast of melanoma cells was associated with nonlinear amplification of signals from melanin nanoclusters in the melanoma cells 33 , which have a small absorption peak at 500 nm in the absence of notable nonlinear effects at the laser energy used in blood with smoother absorption spectra near this wavelength. The sharpening of PT spectra of blood occurred at 550-590 nm (Fig. 4b) . Thus, nonlinear PT/PA spectroscopy may detect weak absorption peaks masked by strong background signals with smooth absorption spectra. Similar spectrum-sharpening phenomena were observed in Staphylococcus aureus, which were associated with absorption of endogenous carotenoids with two specific peaks near 485 nm and 740 nm (Fig. 4c) .
Narrowing of absorption peaks of conventional dyes
Finally, nonlinear effects were studied in the conventional dyes such as indocyanine green and fluorescein isothiocyanate (FITC) (Fig. 5) . With increased laser energy at a wavelength coinciding with the maximum absorption of these dyes, PA signals exhibited nonlinear behaviors similar to, but less profound than, those of nanoparticles ( Fig. S3 ; Supplementary Information). The absorption band width of indocyanine green at 780 nm narrowed from 160 nm to 70 nm at a laser fluence of 0.5 J/cm 2 . When FITC was used to label a small amount of mouse erythrocytes, nonlinear effects in these cells made it possible to selectively detect them against the strong background absorption from non-labeled cells (Fig. 5b) . The nonlinear PA absorption peak was approximately three times narrower than the linear absorption peak of FITC. The observed nonlinear PT and PA phenomena are likely enhanced by the presence of nano-and microscale molecular aggregates in the dye solutions 20 .
DISCUSSION
The spectral sharpening effects were found to be dependent on the initial width of the absorption profile (the narrower, the better), degree of nonlinearity (the higher, the better), distribution of target sizes and local absorption (the more homogenous, the sharper), and the stability of laser energy during spectral scanning (the more stable, the narrower). The sharpening effects can make the absorption lines of the plasmonic nanoparticles, photonic crystals, metamaterials and conventional dyes narrower independently of the initial narrowness of the line and the physical phenomena limiting their width and line shape (e.g., symmetric-Lorentzian or asymmetric-Fano), in particular, interference, plasmon resonance, or surface enhanced resonance scattering (SERS). [36] [37] [38] 47 As nonlinear PT/PA signal amplification can occur at centres of any absorption lines, even supernarrow, the width of nonlinear PA/PT resonances can be beyond the conventional spectral limits. The best result of an approximately 10-fold sharpening to 4 to 9 nm was achieved for gold nanorods and golden carbon nanotubes at a laser energy stability of 1.8%. For more heterogeneous absorbing structures with relatively broad absorption bands, such as dyes and cell chromophores, sharpening was less profound (2-to 3-fold), with a final linewidth of 25 to 30 nm. According to the Rayleigh criterion, for gold nanorods with 10-nm-wide resonance, up to 40 nonoverlapping, ultrasharp PA resonances can be distinguished in the near-infrared range, although 15-20 colours seem to be more realistic numbers. Nevertheless, this number of colours is much higher than that for fluorescent quantum dots in the near-infrared range.
The nonlinear PT-based laser spectroscopy described here is relatively universal and with slight modifications it can be used in various PT schematics such as infrared radiometry, phase-and interference-contrast microscopy, measurements of elastic and Raman scattering or fluorescence and sonoluminescence from bubbles, SERS particles, or plasma-and cavitation-induced radicals [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] 48 . The refraction and scattering effects on bubbles during laser excitation can decrease laser energy deposition in nanoparticles thus contributing to sharpening effects ( Fig. S4 ; Supplementary Information).
The nonlinear pump-probe techniques used here to observe PT/PA resonances and dips are similar to nonlinear saturation spectroscopy exploring Bennet peaks and Lamb dips 4 . However, the physical mechanisms underlying nonlinear PA and PT spectroscopy are different. They are related to high-order nonlinear processes responsible for PA and PT effects, which may include bubble generation, multiphoton absorption and ionization, thermal explosion, evaporation, melting and shock wave formation 3, 20, 27, 30, [42] [43] [44] [45] . Nonlinear sharpening of spectral lines near absorption maxima is roughly analogous to laser function, which is based on nonlinear light amplification near the centre of the spectral line of active medium accompanied by dramatic narrowing of the spectral width of the amplified light 1, 4 . The high sensitivity of PA and PT spectroscopy 3,20-22 makes it possible to apply the spectral hole-burning technique to the study of weakly absorbing, nonfluorescent , inhomogeneously broadened nanoparticles at a low concentration, which is impossible with conventional methods [5] [6] [7] . Moreover, a pump-probe mode also allows the observation of spectral holes in homogenously broadened spectral lines of gold nanoparticles (Fig. 2b) .
The high sensitivity of the PT/PA technique allows us to explore highly localized nonlinear phenomena near the threshold of their generation when they could not be harmful to surrounding tissue. The laser fluence required is close to the safety standard of 35 to 100 mJ/cm 2 for 700-to 1100-nm for humans [20] [21] [22] . It can be further reduced by using strongly absorbing nanoparticles with a threshold for nonlinear effects at approximately 5 mJ/ cm 38, 42, 45 and use nanosecond lasers, that are more appropriate for spectroscopic applications because of the inherently large spectral bandwidths of picosecond and femtosecond laser pulses 4 .
In conclusion, nonlinear ultrasharp PT/PA spectral resonances accompanied by amplification of PT/PA effects may lead to dramatic increases in both the specificity and sensitivity of PT/PA spectral analysis and the efficiency of PT therapy. Potential applications include identifications of nanoparticles and cells masked by background absorption of biological tissue or blood, study of the behaviours of nanoscale systems in a strong laser field, multicolour cytometry, multispectral imaging, detection of multiple disease-associated biomarkers, accurate measurements of tiny red and blue shifts in plasmonic nanoparticle clusters and multiplex PT therapy. The precise matching of resonant laser wavelengths with absorption centres and optimal laser energy is required to generate nonlinear effects in these centres to provide highly spectral selective diagnosis and therapy. At higher laser energy above optimal levels, energy-dependent spectral shifts, especially the blue shift in PT/PA resonances should be taken into account to achieve maximum diagnostic and therapeutic effects.
METHODS
Integrated PA and PT microscopes
Laser-induced PT and accompanying PA and bubble-formation phenomena in samples were evaluated with an integrated PA/PT microscope described in detail elsewhere 20, [39] [40] . Briefly, the first set-up ( Fig. S2a ; Supplementary Information) was built on the technical platform of an upright Olympus BX51 microscope (Olympus America, Inc.) onto which PA, PT, fluorescent, and transmission modules were incorporated. A tunable optical parametric oscillator (OPO)-laser (Lotis Ltd., Minsk, Belarus) was used to irradiate samples in 120-μm-thick microscope slides at the following parameters: wavelength, 420 to 2,300 nm; pulse width, 8 ns; beam diameter, 10 to 50 μm; fluence range, 1 to 10 4 mJ/cm 2 ; and pulse repetition rate, 10 Hz. Laser-induced PA waves were detected with an ultrasound transducer (XMS-310, 10 MHz; Panametrics) that was gently attached at the slide. Warm water or ultrasound gel was applied for better acoustic matching between the transducer and the samples. After amplification (amplifier model #5662, bandwidth, 50 kHz to 5 MHz; gain, 60 dB; Panametrics), signals were recorded by either a computer or a Tektronix TDS 3032B oscilloscope, and then analysed with standard and customized software. The PA signals had a bipolar shape that was transformed into a pulse train due to reflection and resonance effects (Fig. 1a, bottom) . The set-up was equipped with a high-speed (200 MHz) analog-todigital converter board (National Instruments Corp., PCI-5152, 12-bit card, 128 MB of memory), specialized software (LabVIEW; National Instruments), and a Dell Precision 690 workstation with a quadcore processor, 4 GB of RAM, and Windows Vista 64-bit operating system.
In PT thermolens schematic, laser-induced temperature-dependent variations of the refractive index around absorbing zones in a liquid environment caused defocusing of a continuous-wave collinear He-Ne laser (model 117A, Spectra-Physics, Inc.; wavelength, 633 nm; 1.4 mW) probe beam, leading to a subsequent reduction in the beam's intensity at its centre, detected by a photodiode (C5658; Hamamatsu Corp.). The linear PT thermolens signals demonstrated the standard fast-rising unipolar peak associated with rapid (picosecond-nanosecond scale) sample heating and a slower (microsecond scale) tail corresponding to sample cooling (Fig. 1a, right, top) . At a high laser energy level, the local temperature around strongly absorbing zones reaches the bubble-formation threshold, leading to the appearance of a negative peak in the nonlinear PT signals (Fig. 1a , right, bottom) due to bubble-induced local refraction and scattering effects. To provide PT imaging, the refractive-index variations were visualized with multiplex thermolens schematics and a CCD camera (Apogee), using a pump (OPO) and a second laser probe pulse (Raman shifter; wavelength, 639 nm; pulse width, 12 ns; pulse energy, 2 nJ; delay, 0 to 10 μs). 45 This pump-probe schematic was also used for two-beam excitation of gold nanoparticles.
The second set-up was built on the technical platform of an Olympus IX81 inverted microscope (Olympus America, Inc.) ( Focusing along the Z-axis was performed by moving the microscopic objective axially. PT thermolens signal detection was similar to the first set-up. Synchronization of the excitation laser, signal acquisition/processing, and translation-stage control were implemented in a single software module (in-house software based on LabView 8.5 complex, National Instruments, Inc.).
Nanoparticles and dyes
Various sizes of gold nanorods having maximum absorption at 550 nm, 600 nm, 650 nm, 700 nm, 717 nm, 750 nm, 780 nm, 808 nm, 878 nm, and 1064 nm were provided by Nanopartz, Inc. The 30-nm gold nanospheres with absorption at ~525 nm were obtained from Ted Pella, Inc. The initial study was performed with 15-50-nm gold nanorods whose maximum absorption was near 850 nm and silica/gold nanoshells (140-15 nm) whose maximum absorption was near 900 nm. The nanoshells were provided by the laboratory of Nanoscale Biosensors at the Institute of Biochemistry and Physiology of Plants and Microorganisms (Saratov, Russia). Golden carbon nanotubes averaging 12-98 nm in size were provided by Dr. Kim 39 . Indocyanine green and FITC were purchased from Akorn, Inc. The optical absorption spectra of nanoparticles and dyes were examined at the room temperature by the DU 800 ultraviolet/visible/ near infrared spectrophotometer (Beckman Coulter, Inc.) and an optical cuvette with quartz windows and dimension of 2×10×10 mm (light path, 10 mm; suspension height, 2-8 mm).
Cells
All cancer cell lines were from the American Type Culture Collection (ATCC), Rockville, MD. KB-3 human carcinoma cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 50 U/mL penicillin, 50 μg/mL streptomycin, and 5 mM L-glutamine at 37°C and 5% CO 2 . B16F10 mouse melanoma cells were cultured according to standard procedures, including serial passage in phenol-free RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen). The S. aureus strain-designated UAMS-1 was isolated from a patient with osteomyelitis at the McClellan Veterans Hospital in Little Rock, Arkansas, USA. UAMS-1 was cultured in tryptic soy broth and grown aerobically for 16 h at 37 °C. Cells were harvested by centrifugation and resuspended in sterile phosphate-buffered saline. Fresh blood was obtained from mice, collected in heparinized tubes, and spiked with different numbers of B16F10 mouse melanoma cells.
Statistical methods
Results are expressed as means plus/minus the standard error of at least three independent experiments (p < 0.05). Statistica 5.11 (StatSoft, Inc., Tulsa, OK) and MATLAB 7.0.1 (MathWorks) were used for the statistical calculations. Data were summarized as the mean, standard deviation (SD), median, interquartile range, and full range. Spearman correlations for which p < 0.05 were considered as statistically significant. Error bars, typically in the range of 15% to 25% for each wavelength or laser energy level, represent the standard deviation of five measurements.
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